Abstract Background: In heart failure, there are structural and electric changes that affect the long term prognosis. While structural remodeling could be reversed by cardiac resynchronization therapy (CRT), little is known regarding reverse electric remodeling and its relation to the response to CRT. Objectives: To study the electric changes following CRT and their relation to patients' response. Methods: Thirty patients with implanted CRT device were included. Echocardiograms and surface electrocardiograms (ECGs) done before CRT were retrospectively analyzed. At the time of enrollment, echocardiography and ECG (during setting the CRT to off mode) were done. QRS duration (QRSD), QT interval, QTc interval, QT dispersion (QTd), and T wave peak to end (TPE) interval were measured. 
(p < 0.001). QTd decreased from 58 ± 13.23 to 34.66 ± 13.82 ms (p < 0.001). TPE interval decreased from 124 ± 24.3 to 102 ± 22.5 ms (p < 0.001). Responders to CRT (19 patients, 63 .3%) had larger DQRSD, DQTd, and DTPE than non responders (p = 0.002, 0.002, and 0.004, respectively). Cutoff values of À20 ms for each of DQRSD, DQTd, and DTPE could predict response to CRT with odds ratio (95% CI) of 4.05 (1.12-14.6), 2.75 (1.25-6), and 4.43 (1.21-15.5), respectively. Conclusions: CRT induced reverse electric remodeling affecting both depolarization and repolarization parameters on surface ECG. Reverse electric remodeling was associated with favorable clinical and echocardiographic outcomes.
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Introduction
Heart failure (HF) is associated with hemodynamic and neurohormonal abnormalities that result in structural and electric remodeling. Structural remodeling has been reversed by cardiac resynchronization therapy (CRT) in association with a decrease in NYHA class and increase in the left ventricular ejection fraction (LVEF). Reduction in LVESV by P15% after CRT has been considered the most powerful parameter that predicts long term mortality and morbidity. [1] [2] [3] In association with structural remodeling in HF, there is interventricular or intraventricular conduction delay that leads to mechanical dyssynchrony and more worsening of HF. There are also several changes in ion channel dynamics that result in spatial and transmural prolongation and heterogeneity of repolarization, which provide substrate for ventricular arrhythmias and sudden cardiac death. 4, 5 Since structural remodeling was reversed by CRT, electric remodeling might be also reversed in concordance with the favorable clinical course of HF patients following CRT. There are little data available regarding the post-CRT recovery of the adverse electric changes affecting ventricular conduction and repolarization, and its relation to clinical and echocardiographic outcomes.
Methods
Thirty patients with implanted CRT device were enrolled in the study during routine hospital visits for device programming in the Ain Shams University and Kobri-ElKobba Military hospital clinics. All patients had CRT-P devices (St. Jude) and were assessed at least 6 months after implantation. Indications of CRT were LVEF 635% with NYHA class III or IV while on optimal medical therapy, and QRS complex duration of P120 ms. All patients were in sinus rhythm. Transthoracic echocardiograms and surface ECGs done before CRT were retrospectively analyzed. At the time of enrollment, new transthoracic echocardiogram and 12-lead surface ECG were done. The post-CRT ECGs were done during device programming while setting CRT to off mode to acquire unpaced electrocardiograms. Device programming was done to assess lead impedances, pacing and sensing thresholds. Patients with no intrinsic rhythm, device malfunction, or receiving antiarrhythmic drugs were not included in the study.
Echocardiography
Left ventricular dimensions were measured by the M-mode in short axis parasternal view. LVEF was calculated by the M-mode in case of dilated cardiomyopathy and by 2D (modified Simpson's equation) in case of ischemic cardiomyopathy. LV end-diastolic and end-systolic volumes were calculated.
Definition of CRT response
Response to CRT was defined as both clinical response (improvement of NYHA class by P1) and echocardiographic response (defined as an absolute increase in LVEF by P10% and/or decrease in LV end systolic volume by P15%).
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ECG acquisition and analysis
Standard 12-lead surface ECGs with a paper speed of 25 mm/s and 10 mm/mV gain were analyzed prior to and at least 6 months after implantation while setting the device to CRT-off mode. Biventricular pacing was restored after acquiring the ECGs. Measurements were assessed manually and taken from the average of 2 measurements made by 2 cardiologists who were blinded to each other's measurements and to patients' data. The following measurements were taken: -RR interval.
-Intrinsic QRS duration (QRSD).
-QT interval measured from the beginning of QRS to the end of the T wave defined as the point of return to the isoelectric line. QTc interval was calculated by Bazett's formula 6 (QTc = QT/square root of RR interval in seconds). Intervals were measured in the lead with the highest T wave amplitude among leads II, V5, or V6, using the same lead in pre and post-CRT measurements.
-QT dispersion (QTd), defined as the difference between the longest and shortest QT interval among all ECG leads. -T wave peak to end (TPE) interval, defined as the duration from the peak to the end of the T wave in II, V5, or V6 according to the highest T wave amplitude, using the same lead in pre and post-CRT measurements. -DQRSD, DQT, DQTc, DQTd, and DTPE are the differences between baseline values and post-CRT values.
Statistical analysis
Statistical Package for Social Sciences (SPSS version 15.0) was used. Categorical data were expressed as frequencies and percentages, while continuous data were expressed as mean ± SD or median according to data distribution. D'Agostino-Pearson test for normal distribution was done and accordingly, non parametric test was used when distribution was non-normal.
Comparison between continuous data before and after CRT was done using the paired t-test. Comparison between continuous data in responders and non responders was done using the unpaired t-test or Mann-Whitney test as appropriate. Correlations were made using the Pearson correlation coefficient or Spearman rho as appropriate. Receiver operating characteristic (ROC) curve was used to select cutoff values for different ECG parameters that predict response to CRT. Risk assessment of CRT response was expressed by unadjusted odds ratio after dichotomization of ECG parameters according to the cutoff values. P value was considered significant if <0.05. (Table 1 ) Thirty patients with implanted CRT device (21 males and 9 females, with mean age of 55.26 ± 7.31 years) were enrolled in the study. Time since implantation ranged from 6 to 30 months. All patients were in sinus rhythm, with baseline QRS duration P120 ms and LBBB morphology. All programmable data were accepted with P98% biventricular pacing. Mean difference in NYHA class was 1.56 ± 1 (p = 0.00).
Results
Clinical and echocardiographic data
Mean differences in LVEF, LVEDV, and LVESV were À5.8 ± 3% (p = 0.00), À44.16 ± 40.98 ml (p = 0.00), and À34.4 ± 19.2 ml (p = 0.00), respectively.
Response to CRT
Both clinical and echocardiographic response occurred in 19 patients (63.3%) who were considered as CRT responders. Clinical response without criteria of echocardiographic response was found in 5 patients (16.6%), while echocardiographic response without clinical improvement was found in 4 patients (13.3%). Decrease in LVESV by P15% was found in all echocardiographic responders (23 patients), while absolute decrease in EF by P10% was found only in 4 patients ( Fig. 1 ).
Electrocardiographic data (Table 2)
All ECG parameters after CRT (P6 months) were taken without pacing (with CRT off mode). Apart from RR interval, there were highly significant differences in QRSD, QT, QTc, QTd, and TPE between pre and post CRT measurements. Mean change in QRSD (DQRSD) was À12 ± 9.96 ms (median À20 ms, ranged 0 to À30 ms). DQT was À21.33 ± 19.07 ms (median À20 ms, range À60 to 20 ms). DQTc was À30.45 ± 36.03 ms (median À23.5 ms, ranged À110 to 38 ms). DQTd was À23.33 ± 15.82 ms (median À20 ms, range À40 to 0 ms). DTPE was À22 ± 22.5 ms (median À20 ms, range À80 to 0 ms). Fig. 2 shows mean and 95% CI of ECG measurements before and after CRT. Fig. 3 shows ECG samples before and after CRT. (Table 3) There were significant differences between responders and non responders. Responders had shorter post-CRT QRSD (p = 0.039), higher DQSRD (p = 0.002), higher DQTd (p = 0.002), and higher DTPE (p = 0.004). Change in native QRSD (DQRSD) significantly correlated with changes in NYHA class, LVEDD, LVESD, and LVEF. DQTd significantly correlated with change in NYHA class but did not correlate with any of the echocardiographic changes. On the other hand, DTPE significantly correlated with changes in LVEDD, LVESD, LVEDV, LVESV, and LVEF but did not correlate with DNYHA class (Table 4) .
Electrocardiographic measures and response to CRT
ROC curve analysis was done to find the best cutoff values for the changes in ECG parameters associated with the response to CRT. Area under the curve was 0.813 for DQRSD (p = 0.005), 0.56 for DQT (p = 0.56), 0.59 for DQTc (p = 0.41), 0.823 for DQTd (p = 0.004), and 0.8 for DTPE (p = 0.007). DQTd of PÀ20 ms had the highest sensitivity for predicting CRT response, while DQRSD of PÀ20 ms had the highest specificity (Table 5) . 
Discussion
Main findings
Electric remodeling in HF is associated with adverse clinical outcome. Widening of the QRS complex is associated with mechanical dyssynchrony, while prolongation of repolarization is associated with ventricular arrhythmias and sudden cardiac death. In this study we observed significant changes in both depolarization and repolarization parameters on surface ECG after CRT. Also there were significant differences between responders and non responders regarding changes in QRSD, QTd, and TPE. Furthermore, these changes were significantly correlated with changes in NYHA class and echocardiographic parameters. Changes in QRS duration (DQRSD) and repolarization heterogeneity (DQTd and DTPE) could predict response to CRT with high sensitivity and specificity. Of note, ECG was acquired at least 6 months after CRT during inhibition of pacing.
CRT response
In this study, 5 patients had clinical improvement without criteria of echocardiographic response, which might be due to the placebo effect. Therefore, correlations with ECG parameters were done only in patients with both clinical and echocardiographic response who were defined as CRT responders.
Response to CRT occurred in 19/30 patients (63.3%), which is similar to the generally reported rate of response. 7 All CRT responders in our study had P15% reduction in LVESV which is considered the hallmark of LV reverse remodeling. [1] [2] [3] Hence, the occurrence of ECG changes in responders indicates the association between reverse electric and structural remodeling following CRT.
RR interval
Although heart rate was expected to decrease after improvement of LV systolic function, there was no significant change in RR interval on the ECG after CRT. Henrikson et al. 8 and Sebag et al. 9 reported similar observations. The pretreatment with b blocker and/or ivabradine received by the majority of patients who implanted CRT may explain this finding.
QRS duration
In this study, native QRSD decreased significantly after CRT (from 146.33 ± 16.29 to 134.33 ± 17.15 ms, p < 0.001). This may indicate partial recovery of left bundle branch conduction. Sebag et al. 9 reported similar findings in 85 patients who were evaluated after 1 year of CRT (intrinsic QRS decreased from 168.0 ± 19.7 to 149.6 ± 31.6 ms, p < 0.0001). They considered patients with decrease in intrinsic QRSD by À20 ms as ''electrocardiographic responders'', who had greater rate of clinical (p = 0.035) and echocardiographic (p = 0.023) response. Henrikson et al. 8 and Mischke et al. 10 also reported significant decrease in native QRSD after CRT. Dizon et al. reported a case with loss of LBBB and complete normalization of QRS complex after CRT. 11 In contrast to our findings, Stockburger et al. 12 did not find any decrease in unpaced QRSD after CRT in a series of 21 patients. This controversy may be explained by: (a) about one third of their patients were on amiodarone which influences intraventricular conduction, (b) the different methods of ECG interval measurement (Stockburger et al. relied on computed measurement, while we relied on the manual method), (c) the variable duration in HF before CRT; longer duration might be associated with irreversible fibrotic changes.
We observed that DQSRD was significantly larger in responders than non responders. It also correlated significantly with changes in NYHA class, LV diameters, and LVEF. We found that a DQSRD of PÀ20 ms could predict response to CRT (p = 0.003) with 73% sensitivity and 82% specificity. Similarly, Sebag et al. 9 reported that a DQSRD of PÀ20 ms was optimal for predicting both clinical and echocardiographic response. Since QRSD is well known as a predictor of total mortality and sudden cardiac death in patients with HF, [13] [14] [15] the decrease in native QRSD after CRT may affect prognosis. Tereshchenko et al. 16 reported that reduction of native QRS complex by À10 ms after CRT was associated with a fourfold decrease in the risk of death or sustained ventricular tachycardia.
QT and QT dispersion
In heart failure patients, the altered ion channel dynamics result in prolongation and heterogeneity of repolarization. 5 In the present study, there were significant reductions in native QT, QTc, and QT dispersion (QTd) after CRT. We did not calculate the corrected QTd (QTc dispersion) as it was previously reported that QTd is independent of heart rate. 17 Unlike DQT and DQTc, DQTd was significantly larger in responders than non responders, and correlated significantly with DNYHA class. We found that a DQTd of PÀ20 ms could predict response to CRT (p < 0.001) with sensitivity of 100% and specificity of 63%. In a canine model, CRT partially restored the ion channel remodeling, calcium hemostasis, and regional heterogeneity of action potential duration. 18 In contrast to these findings, Henrikson et al. 8 and Sebag el al. 9 found no significant changes in native QT and QTc after CRT. However, since they did not exclude patients on antiarrhythmic drugs, their assessment of repolarization could not be relied upon. Despite the significant reductions in QT and QTc intervals after CRT in our study, they did not predict response to CRT.
T wave peak to end (TPE) interval
The peak of T wave coincides with epicardial repolarization, while the end of T wave coincides with endocardial repolarization. 19 In heart failure patients, the preferential prolongation of the M cell action potential results in a transmural dispersion of repolarization (TDR), which can be estimated from the ECG as the interval between the peak and the end of the T wave. 4 TPE interval may be less dependent on cardiac depolarization changes than QT measurements, and may therefore provide a more reliable estimation of ventricular dispersion of repolarization in patients with wide QRS complex. 20, 21 In 1081 healthy subjects, the reference value of TPE interval was 94 ms in men and 92 ms in women and was independent of heart rate, therefore, does not need to be corrected. 22 In the present study, baseline mean TPE interval was higher than normal (124 ± 24.3 ms), which significantly decreased after CRT. Previous studies reported that TPE prolongation was independently associated with increased risk of sudden cardiac death in cardiovascular disease, 21, 23 but not in healthy population. 24 Reduction of TPE interval may indicate partial reversal of the adverse electric remodeling associated with heart failure. Furthermore, DTPE was higher in responders than non responders and correlated significantly with changes in all echocardiographic parameters that indicate reverse structural remodeling. We found that a DTPE of PÀ20 ms could predict response to CRT (p = 0.001) with sensitivity of 78% and specificity of 81%. To the best of our knowledge, there are no previous data regarding the predictive value of changes in native repolarization heterogeneity on surface ECG after CRT.
Limitations
The small number of study population and the interpersonal variations of ECG and echocardiographic measurements are the main limitations of the study. Invasive electrophysiologic assessment before and after CRT, if done, would provide more confirmation of changes in ventricular refractoriness and inducibility of VT.
Conclusions
CRT induced reverse electric remodeling including depolarization and repolarization changes on unpaced surface ECG. CRT responders showed more reduction in native QRS duration and measures of repolarization heterogeneity (QTd and TPE) than non responders. Apart from QT and QTc intervals, reverse electric remodeling was associated with reverse structural remodeling and clinical improvement.
